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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
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Introduction

Secondary-ion mass spectrometry (SIMS) is a powerful method for the measurement of depth profiles of
dopants in silicon. However, in the near-surface region (< 50 nm), the transient behaviours of the secondary-
ion yields and the sputtering rate significantly affect the profile shape ['], thus it is difficult to obtain real profiles.
This is caused by the accumulation of implanted primary-ion species, oxygen or caesium, which are essential
for enhancing the secondary-ion yields. At the original surface, sputtering of the specimen material occurs with
a low concentration of primary-ion species, but, with the progress of sputtering, primary-ion| species are
incorporated on the surface and sputtered together with the specimen atoms, causing-a) sputtering-rate
change. As a result of the sputtering-rate change in this non-equilibrium zone, a significant profil¢ shift occurs
in shallow SIMS depth profiles when a uniform sputtering rate is assumed for depth calibration.

To cqlibrate the depth scale in such a shallow region, it is essential to evaluate the extent of the pbove profile
shift accurately. In this International Standard, multiple delta-layers are used as-a feference matdrial for depth
scalg calibration in the near-surface region but beyond the non-equilibrium zone; and the procedyres for depth
scalg calibration are described.

This |nternational Standard differs from ISO 20341 in its scope. ISO-20341 specifies procedures for estimating
depth resolution parameters in SIMS depth profiling using multiplerdelta-layer reference materigls, whereas
this International Standard specifies a procedure for calibrating-the'depth scale in a shallow region.

© 1SO 2009 — All rights reserved \
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Surface chemical analysis — Secondary-ion mass
spectrometry — Method for depth calibration for silicon using

mu

Itiple delta-layer reference materials

1 3

11
less

1.2
not i

1.3
amor

2 Normative references

The

refergnces, only the edition cited applies. For undated references, the latest edition of th

docu
ISO

ISO 4
resol

3

For the purposes of this.document, the terms and definitions given in ISO 18115 apply.

4

18115, Surface chemical analysis — Vocabulary

Terms and definitions

Bcope

This International Standard specifies a procedure for calibrating the depth scale-in‘a sh
han 50 nm deep, in SIMS depth profiling of silicon, using multiple delta-layer reference mate

This International Standard is not applicable to the surface-transient regioh|where the spu
the steady state.

This International Standard is applicable to single-crystalline silicon, polycrystalline
phous silicon.

following referenced documents are indispensable,‘for the application of this documen

ment (including any amendments) applies.

0341, Surface chemical analysis~ Secondary-ion mass spectrometry — Method for esti
ition parameters with multiple delta=layer reference materials

symbolsand abbreviated terms

intercept of regression line

allow region,
Fials.

tering rate is

silicon and

t. For dated
b referenced

mating depth

Lg

Lg(p)

©I1SO

stopeof regressionine

extra factor of regression line slope

ion intensity at depth z

correction factor for the primary-ion current density
number of delta-layers used for regression analysis
shift distance

shift distance dependent on the definition of delta-layer peak position (see 7.2.1)

2009 — All rights reserved
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Zm

maximum delta-layer number used for steady-state sputtering-rate determination
minimum delta-layer number where steady-state sputtering rate is reached
sputtering rate

average sputtering rate of ith silicon layer

steady-state sputtering rate

standard uncertainty in predicted depth without sy, and s,

standard-uncertainty-imrdepth;inctuding sy,

standard uncertainty in depth, including sgy; and s,
standard uncertainty in b

standard uncertainty in ¢

standard uncertainty in &

standard uncertainty in depth of layers in reference material
standard uncertainty in sputtering time ¢

standard uncertainty in 7

critical value obtained from Student’s r-distributiondable at 100« % for (m —n — 1) degre
freedom

sputtering time
mean sputtering time for delta-layers
sputtering time needed for forming crater

measured sputtering time_te reach the ith delta-layer in the ion-intensity-versus-sputt
time profile

time predicted for ith~delta-layer
sputtered depth

mean depth-of delta-layers
predicted depth

finimum position in the valley between (i — 1)th and ith delta profiles

es of

bring-

minimum position In the valley between ith and (i + 1)th delta profiles
centroid position

original delta-layer position

crater depth

depth of ith delta-layer

centroid of the ith delta-layer profile

local maximum position
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Zpg peak centre position

At sputtering time for ith delta-layer
Az; thickness of ith delta-layer

SIMS secondary-ion mass spectrometry

5 Requirements on multiple delta-layer reference materials
5.1

5.2 | The signal of the matrix containing the delta-layers shall not change during SIMS depth-pr
no changes occur due to any SIMS matrix effects or due to the sputtering-rate change at
Constant secondary-ion intensities of the matrix elements through the delta-layers are.indicative
matrik.

ial.

bfiling so that
delta-layers.
pf a constant

5.3 | The constancy, across the specimen, of the depths of the delta-layers below the surface shall be

comparable to, or better than, the required depth calibration accuracy.

5.4 | The thickness of each doped delta-layer shall be sufficiently less than the projected
primary ions (see Annex A for examples for O3 ions) so that a smathyvariation in the thickness dq
the pfofile shape.

5.5 | The spacing between adjacent delta-layers shall be suffiCiently large that the peak-to-valle
adjadent delta-layer profiles shall be 10 or greater.

5.6 | At least three delta-layers shall be containedsin the reference material to confirm that a
sputtering rate is reached in the delta-doped region.

range of the
es not affect

y ratio of the

steady-state

5.7 | The thickness, the position and the.intérface roughness of the delta-layers shall be de¢termined by

crosg-sectional transmission electron microscopy, grazing incidence X-ray reflectivity, mediun
scattering spectrometry or another appropriate method.

5.8 | The thickness of the surface oxide layer shall be comparable with that of the native oxide
crystalline-silicon surface. Thesoxide thickness shall be determined by a valid measurement meth

6 Measurementprocedures

6.1 | For precise,calibration of the depth scale, multiple delta-layer reference materials shall

with {est specimens using the same energy and incident angle of the primary ions. Once the sp
the depth correction factor and the shift distance (see 7.2.3) are determined for a specific set of i
condjtions (for energy, angle of incidence, ion current and scan area), the predetermined values

n-energy ion

layer on the
Dd.

be measured
uttering rate,
bn-irradiation
can be used
iation due to

for thetdetermination of the depth scale. It should be noted that the depth scale can have a dey

limited Teproducibility of the sputiering raie (see 6.5).

6.2 For adjustment and optimization of the secondary-ion mass spectrometer settings,
conditions, such as ion energy, ion species, ion current, secondary-ion polarity, primary-ion

the analysis
scan region,

analysed region, stability of the primary-ion current, specimen introduction and detected secondary ions, shall

be set in accordance with the manufacturer’s instruction or a local documented procedure.

6.3 The SIMS depth profile of multiple delta-layer reference materials shall be measured from the surface to
near the interface between the multiple delta-layers and the substrate, or to a depth described in the
instructions for the reference materials. However, if a change in secondary-ion intensity occurs due to surface
roughness induced by ion bombardment before the above depth is reached, depth profiling shall be

terminated before the surface roughening occurs.

© 1SO 2009 — All rights reserved
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6.4 The measurement conditions, such as the primary-ion intensity and scanning area, shall be determined
so that there are more than 20 measurement points for a delta-layer.

6.5 When confirming reproducibility, the SIMS depth profile of a multiple delta-layer reference material shall
be measured three times, and the repeatability of the profile shall be checked. The time to each position of the
delta-layers shall be reproduced with the accuracy of the analytical requirement. If the SIMS profile shapes of
the multiple delta-layer reference material are not reproducible, the instrument performance shall be checked
for items such as the drift of primary-ion current and the scan uniformity.

6.6 The SIMS depth profile of test specimens shall be measured using the same measurement conditions
as those used for the multiple delta-layer reference materials. If necessary, the primary-ion current density can

H Brioaar s ion otierant anA/ tha nriraor, ian onnan oA

be Changed )y Chang:ﬂg thC Py 1o correrteat eror-the pPrary ;UII soarrarca:

7 Calibration procedures

7.1 Principle of calibration

7.1.1 This|International Standard gives equations for calibrating the depth scale’by correcting fdr the
change in sppttering rate in the non-equilibrium zone in the initial stage of sputtering:

7.1.2 Sputter-depth profiling causes the change in shape of the delta-layet as shown in Figure 1, and the
shift of the delta-peak position even after the equilibrium of sputtering ratenis established. Estimations ¢f the
peak shifts due to atomic mixing and peak coalescence are given in Anhex B and Annex C, respectively.

O,: 250 eV, 0° 5 nm Sogj+

Key
X depth, inphm
Y ionintensity, in counts/s

Figure 1 — SIMS depth profile of boron delta-layers in silicon [2]

4 © 1SO 2009 — All rights reserved
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Determination of sputtering rate for reference material

The positions of the delta-layers in the reference material shall be determined in the measured profile
for ion intensity versus sputtering time. The position can be determined by one of four methods which
generate different shift distances. Select the method that is most consistent with the type of data measured in
the working specimen.

a) The position can be determined as the local maximum in a delta-layer profile.
b) The position can be determined as the centre of the full width at half maximum of each delta-layer profile.
c) Thepositiomrcambe determinedas thetentroid<z; of therthdetta=tayer by using-thefottowitg equation:
Zbi
ZZ](Z)
Zai
(z1) =2 (1)
1(z)
Zai
vhere z,; and z,; are the minima in the valleys between the (i — 1)th @and ith delta profiles and between the
Jth and (i + 1)th delta profiles, respectively, and (z) is the ion inténsity at z.
d) The position can be determined as z; in Equation C.1 (seelAnnex C) for each delta peak by|following the
procedures described in ISO 20341.
In cdses a) and b), it is desirable to use a proper 'smoothing procedure taking into accoynt statistical
fluctyations.
NOTH 1 These positions may shift from the original delta position due to atomic mixing, and the difection of shift
deperpds on the relative knock-on of matrix and analyte atoms. The amount of the shift depends on the primgry-ion energy

and apgle of incidence. To reduce the shift, an appropriate primary-ion energy and angle of incidence have

Assu

ing the effect of atomic mixing is the-same for matrix and analyte atoms, estimations of peak shift

mixing can be made as indicated in Annex B=-Boron in silicon can be approximated to the simple case.

NOTH
centrq
effect

7.2.2
Figur

2  Peaks of delta-layers areteported to show a much more pronounced non-linear energy-depen
ids up to a factor of 2 strongerf®l. When coalescence of adjacent peaks is negligible (see Note 1 to
of atomic mixing is the same for matrix and analyte atoms, the centroid almost represents the original

The sputtering_time necessary to reach the ith delta-layer from the surface is define
e 2). The difference between adjacent positions, Af; (= ¢, —t; _4), denotes the time needed

the ith silicon layerdrom the surface, where ¢, = 0. The corresponding depth is denoted as z; and

of the

ith silicomlayer is Az, (= z; — z; _4). The average sputtering rate of the ith layer is given by

AV

i

eINg

o be selected.
due to atomic

dent shift than
F.2.3), and the
Helta position.

d as t; (see

to sputter off
he thickness

(2)

Due to the transient behaviour of ion yield, determination of positions for the first one or two delta-layers may
not be possible. In such a case, depth calibration shall be performed using delta-layers whose positions can
be determined. For the region shallower than the first detectable delta-layer, the sputtered depth shall be
approximated by using the average sputtering rate from the surface to the first detectable delta-layer.

© 1SO 2009 — All rights reserved
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Zs

I's

Ls

7

Xy

Oty tyts t, tg ts fg t;

Key
X sputtering time
Y  sputtered depth

Figurp 2 — Schematic drawing showing the relationship between the sputtered depth and
sputtering time in the shallowregion

7.2.3 Thel average sputtering rate for each delta-layef’shall be determined. In general, the avérage
sputtering rafe is larger at or near the surface, but reaches a steady-state value (the steady-state sputfering
rate, r) aftef a few nanometres. When r; can be regarded as rg for the nth layer and deeper, the sputtered
depth z for thie sputtering time ¢ is given by

n—1
zZ= r[(t[—tl_1)+l”s(l‘—tn_1)
i=1
n—1
= rl(ti—tiq)—rsty g 1D (2> 2,) (3)
i=1
= Lg +frgt
where
n—
Lg =) ri(ti=tig)=rstyq
i=1
4)
n—1 ,
i=1 T
L. is the shift distance and is independent of the primary-ion current density.

S

NOTE 1 For a short-period multiple delta-layer specimen, measured delta profiles may coalesce with each other so
that 5.5 is not fulfiled. When the profile overlapping is significant, the measured delta position is affected by the
coalescence. However, the peak shift caused by the coalescence reaches a steady-state value for deeper deltas. Thus,
the delta position interval, Az;, is usable for depth calibration. When the peak-to-valley ratio of the adjacent delta-layer

6 © 1SO 2009 — All rights reserved
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profiles is larger than 2, the third delta or deeper can be used for depth calibration. When the peak-to-valley ratio is 10 or
greater, each layer can be regarded as being isolated. In this case, even the first delta can be used if sputtering reaches a
steady state before the first layer. Estimations of peak shifts due to delta profile coalescence are presented in Annex C.

NOTE 2  The value of Lg may depend on the choice of procedure a), b), c) ord)in 7.2.1.

7.2.4 When delta-layers from the nth layer to the mth layer are used, Lg and r4 shall be determined by using
linear regression of the (n —m + 1) sputtering times referencing the certified depths of the delta-layers for

Z>zn.

m m m m
DD YT WA WE
Ls: =n =n I=n__1=n (5)

2
m m
i=n i=n

m m m
(m—n+1)2t[z,- —Zt[Zzi

i=n i=n__i=n (6)

(m—n+’|)§:t,-2 —[Zf:t,}

—_
3
|
S
+
—
N—
¢
N

-

S

The prror in Ly associated with the shift caused by atomic ‘mixing shall be taken into accognt for depth
calibfation (see Note 1 to 7.2.1).

7.3 | Calibration of the depth scale for test specimens

7.3.1] Calibration under the same sputtering-conditions as used for the reference material
WheI the sputtered depth is calibrated by‘using the sputtering rate determined from the multiple delta-layer

refergnce material, the following equation shall be used for depth calibration for z > z,. In this case, the
sputtering condition for test specimens shall be the same as those for the reference material.

r = L +rgt (7)

7.3.2| Calibration using a'sputtering rate different from that used for the test specimen

When the primary-ion )current density differs from that of the reference material by a factor %, the sputtered
depth is given by.thefollowing equation, provided other sputtering conditions are unchanged:

—1
Y L P P
¢ k k& k

= r (tl- —tH)— Ftpq + kgt (z>z,) (8)

=Lg +krgt

The sputtered depth for z > z, shall be determined by Equation (8), using the Ly and rg values determined
from the reference material.

NOTE Equation (8) can be used when the sputtering rate of the test specimen differs from that of the reference
material for the same primary-ion current density. This can happen when the density of silicon is different between test
specimen and reference material.

© 1SO 2009 — All rights reserved 7
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7.4 Uncertainty in calibrated depth

7.41

The shift of the delta position depends on the method of peak position determination described in

7.2.1. Thus, Ly may vary depending on the method used. Annex B gives an estimation of the variation, but the
actual shift also depends on the delta-layer element as well as the ion irradiation condition, and a general

equation might not be available. Here, the definition-dependent shift distance is expressed as Ly(p).

742 When rq is determined using delta-layers from the nth layer to the mth layer, the 100 x

confidence interval for the calibrated depth for Equation (7) is given by

Lg(p)+rst+T(m—n—1a)xsy

(1-2a) %

9)

where T(m —n — 1, a) is the critical value obtained from Student's ¢distribution table at 100« % for (&=
degrees of fleedom and s is calculated by using the following equation with the uncertainty for the refe

material sgpy

1 [ m+i]

N| =

S1 =175
m—-n+1

o-wtete) |

=n

For Equation

2
1 SRM
. 4 M
m-—n-— ’IZ( rS ZJ Ty

I=n

(8), the 100 x (1 — 2a) % confidence interval for the calibrated depth is given by

Ly(p)+frgt £T(m—n—-1a)xso
where
_ -
2 1
t— t
1 " [ m—n+1izr;’} 1 m
1+ + — x ¢
m—-n+1 ! m 2 m—n— 1; i
So = krq|x _
2 S E[zl m—n+1§zl]

and s, i the uncertainty in k.

Aafthoaca cauiatinne o
Tt

The derivation&

nrocanted iin-Ann
7%

N =

h — 1)
ence

(10)

(11)

(12)

} }
Rese TOTatroTTS o Pro STt T

8 Expression of results

8.1

The shift distance, Lg, and steady-state sputtering rate, rg

Calibration under the same sputtering conditions as used for the reference material

, shall be determined by using linear regression of

the measured delta sputterlng times referencing the certlﬂed depths of the delta-layers, then the sputtering
time shall be converted to the sputtered depth using Equation (7).

© 1SO 2009 — All rights reserved
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8.2 Calibration using a sputtering rate different from that of the test specimen
The shift distance, Lg, and steady-state sputtering rate, r, shall be determined by using linear regression of

the measured delta sputtering times referencing the certified depths of the delta-layers, then the sputtering
time shall be converted to the sputtered depth using Equation (8).

8.3 Calibration with respect to concentration

If necessary, the ion intensity shall be converted to atomic concentration in accordance with other
International Standards or other local documented procedures.

9 Testreport
The test report shall include the following information:

a) all information necessary for the identification of the specimens, the apparatus, the laboratory and the
ate of analysis;

b) e multiple delta-layer reference material used, as specified in this International Standard;
c) e analysis conditions used;
d) 4ny unusual features noted during the analysis;

e) any operation not specified in this International Standard;’ as well as any optional operation which may
ave influenced the results.

© 1SO 2009 — All rights reserved 9


https://standardsiso.com/api/?name=74af65ad241035999ebc591d53c0f464

ISO 23812:2009(E)

Annex A

(informative)

Projected range of oxygen-ion in silicon

This annex shows the range of primary ions, O%, in silicon, calculated using SRIM (see http://www.srim.org/).

The effect of native oxide was not included in the calculation.

10

Table A.1 — Projected range of O3 in silicon

Primary-ion energy

Projected range

nm
eV
0° incidence 45° incidénce
250 1,3 1.1
500 2,0 1,7
1000 3,0 2,4
2 000 4.7 3,7

© 1SO 2009 — All rights reserved
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Annex B
(informative)

Estimations of peak shifts due to atomic mixing

General

This
sputt
width
com
theor
treate
the a

B.2

SIMS
inforr
were
SIMS
segre

half maximum (peak centre) were derived from each delta-layer profile. When mixing is a h

proce
the a
used
calcu

B.3

The

vario
exce
surfa
and z
ion e
is ab
than

Annex describes the peak shift of delta-layer profiles due to atomic mixing in order to giyé-c
pring conditions of shallow depth profiling by SIMS. The centroid, local maximum and\een
at half maximum of each delta-layer were derived from measured depth profiles of beron

ared with the original delta-layer position estimated from a theoretical model. It should be n
etical model assumes the same atomic mixing of matrix and analyte atoms:/Boron in s
d by the simple model, but measured peak positions can behave differentlyywhen the atom
halyte is very different from that of the matrix or when radiation-induced segregation occurs.

Procedure
depth profiles of BN multiple delta-layers were analysed based on an atomic mixing, surfac
nation depth (MRI) model [4]. In this analysis, only two parameters, atomic mixing and surfac

used for fitting the experimental data because the information depth can be regarded f
[51. The MRI model can extract the original delta position from measured depth profiles, pro
gation of delta-layer material occurs. The centroid, the local maximum and the centre of th

ss, which is the assumption of the MRI model; the centroid coincides with the original delt3
mount of peak position shift was determined as the difference from the centroid position. T
was one with well-separated BN delta-layers [2. The Si spacer layer thickness was 18
lation, the same parameters were applied to the delta-layer and matrix atoms.

Results
position of the centroid, z,, relative to the original delta-layer position, zy, is shown in A

bt for the 3 keV-data. The positions of the local maximum, z ,,, and peak centre, zpc, shif
Ce significantly. compared to the centroid. The shifts of these positions relative to the cent
pc — 2, aretshown in Figures B.2 and B.3, respectively. The amount of the shift depends pri
hergy and.is larger for the local maximum than for the peak centre. The shift value of the lo
but twice that of the peak centre. For ion energies of 1 keV or less, the shift of the local may
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Figure B.l — Shift of centroid positions relative to the original delta-layer position deduced usi
the MRI model with the same parameters for delta-layer’and matrix atoms
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Figure B.2 — Shift of local maximum position relative to centroid of delta-layers
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Figure B.3 — Shift of peak centre relative to centroid of delta-layers
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Annex C
(informative)

Estimations of peak shift due to peak coalescence

C.1 General

This annex @
criteria for m
centroid, the
depth profilin

C.2 Proce

SIMS depth

delta-layer [6]:

is th
is th
is th
is th

When the sp

escribes the apparent peak shift of delta-layer profiles due to peak coalescence in ordef_tg
Liltiple delta-layers as the reference material for shallow depth profiling by SIMS. The shifts

local maximum and the centre of the full width at half maximum of delta-layers in‘steady
g were estimated from simulated profiles of short-period multiple delta-layers.

give

Df the

state

As a measu

dure
profiles of multiple delta-layers were numerically synthesized using*a model profile function of a
1 2 2
zZ—2Z Z —Z
(1+erf & )exp 0 +o,5[ij +(1+erf& )exph-—0 +o,5[i] (C.1)
+AT L A T At
S I (C.2)
(e} ﬂ’L
7% 9 (C.3)
O lT
e apparent peak depth;
e leading-edge decay/length;
e trailing-edgé.decay length;
e Gaussian broadening parameter (see ISO 20341).
acing between adjacent delta-layers is reduced, delta peaks begin to coalesce with each ¢ther.
e of this coalescence for a particular peak, the peak-to-valley ratio of the coalesced pealf was

used. The apparent positions of the centroid, the local maximum and the centre of the full width at half
maximum (peak centre) were derived in the steady state of coalescence, i.e. rejecting the first two or three
delta peaks in the pre-steady state of coalescence. The values of the parameters used for the simulation were
A=01mtm, Ar=0,7nm and o=04nm, and 4 =03nm, Ay=2nm and o=05nm. These values
correspond to two extremes of O3 beam energy, 250 eV and 2 keV, respectively, which were obtained by the
fitting of measured BN multiple delta-layers in Si. The delta-layer spacing was set at 2 nm, 3 nm, 4 nm, 5 nm,
and 6 nm in the former case and 3,5 nm, 5 nm, 7 nm, 11 nm and 14 nm in the latter case.
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